Abstract. Posterior cortical atrophy (PCA) is characterized by basic visual and high order visual-spatial dysfunctions. In this study, we investigated long-distance deafferentation processes within the frontal-parietal-occipital network in ten PCA patients using a MRI-PET combined approach. Objective voxel-based [
INTRODUCTION
Posterior cortical atrophy (PCA) is a clinicoradiological syndrome currently considered among the atypical presentation of Alzheimer's disease (AD) . No definite epidemiological data are available, but mean age at disease onset appears to be earlier than in typical AD (i.e., 50-65 years old) [1] . Although its main pathological features are those of AD, as suggested by amyloid positron emission tomography (PET) imaging studies [2, 3] , the PCA phenotype may reflect other pathological substrates, not linked to AD pathology [1] . The disorder is characterized by a progressive degeneration involving, in particular, posterior occipital brain areas, mainly affecting high order visuo-spatial processing. High order visuo-spatial and visuo-perceptual disorders, as well as impairments of basic visual processing, are the core features [1, 4] . The combination of these symptoms reflects the damage to specific cortical regions, including the primary visual cortex, as well as neural streams processing different types of visual information (i.e., parietal or dorsal stream, occipito-temporal or ventral stream). In addition, affected patients may present alexia, features of Balint and/or Gerstmann syndromes [4] , and progressive oral language dysfunctions with prominent word retrieval difficulties, compatible with the logopenic/phonological variant of primary progressive aphasia [5, 6] , reflecting extension of disease to the parietal and temporal cortex.
Only a few structural and functional neuroimaging studies investigated the specific patterns of greyand white-matter damage, together with metabolic changes in PCA patients. Cross-sectional voxel-based morphometry (VBM) and cortical thickness measures showed a bilateral pattern of atrophy, predominant in the right hemisphere, in occipital, parietal, and posterior temporal lobes, compared to healthy subjects [7] [8] [9] . In comparison with AD patients, the PCA group presented a greater involvement of right visual associative cortex [9] . Diffusion tensor imaging (DTI) studies showed fractional anisotropy (FA) alterations, supporting a reduction of the microstructural integrity of long white-matter tracts connecting posterior regions [10] [11] [12] . A follow-up report in a patient with 3 years of symptom duration showed an early FA reduction in the occipital white matter, followed after 15 months by more widespread white-matter damage extending to the parietal lobe [13] .
More limited evidence comes from [ 18 F]fluorodeoxyglucose-PET (FDG-PET) and single-photon emission computerized tomography studies of PCA patients at the group level, which indicated prevalent metabolic changes in the parietooccipital areas (right worse than left) [14] [15] [16] . In a [ 18 F]FDG-PET study, the frontal eye field regions were found to be hypometabolic, suggesting loss of input from occipito-parietal regions [17] . Noteworthy, neuroanatomical and perfusion dysfunctions of a large fronto-parietal network in the right hemisphere accounted for the presence of left-sided neglect in PCA patients [18] .
In this study, we investigated the neuroanatomical substrate as well as the regional cerebral hypometabolism in a sample of PCA patients. VBM and DTI group analysis was used to assess greyand white-matter damage, whereas an objective voxelbased analysis of [ 18 F]FDG-PET data was applied to assess metabolic changes at both the single-subject and group level. We hypothesized the presence of a correlation between the microstructural changes within the anterior-posterior connecting fiber tracts, in particular the superior longitudinal fasciculus (SLF), and the metabolic changes extending anteriorly to the frontal eye field regions. This may be attributed to reduced input from occipito-parietal regions and contribute to the core clinical symptoms.
MATERIAL AND METHODS

Subjects
Ten PCA patients (8 women, 2 men; mean age = 65.54 ± 5.25 years; mean education = 12.4 ± 4; mean months from symptoms' onset = 43.7 ± 10.6; mean Mini-Mental State Examination (MMSE) = 16.6 ± 4.8) were consecutively enrolled in the study (Table 1 ). All patients were referred to San Raffaele Hospital (Milan, Italy) complaining of an insidious onset of visual deficits in absence of ocular disorders. Patients were evaluated by a team of experienced behavioral neurologists and neuropsychologists. The diagnosis was based on clinical history, neurological evaluation, neuropsychological assessment, and neuroimaging findings [1, 19, 20] . In particular, all patients presented with the insidious onset and gradual progression of basic and complex visual disorders in the absence of ophthalmologic alterations or other neurological conditions at computed tomography (CT)/magnetic resonance imaging (MRI). In comparison to visual disorders, memory loss and other cognitive impairments were significantly less prominent in the clinical picture.
A long disease course was reported in all patients (months' from symptoms onset range = 28-60), which had generally referred first to opticians and ophthalmologists for their visual problems, resulting in a delay in the clinical diagnosis. Basic visual deficits (i.e., hemianopia) were shown at the neurological examination in 7 out of 10 patients. No patient showed fluctuations of cognition, visual hallucinations, or extrapyramidal signs, i.e., core features for the diagnosis of possible or probable dementia with Lewy bodies (DLB) [21] . No patient reported family history. Conventional structural imaging (i.e., MRI or CT) showed widespread posterior brain atrophy in all cases, mostly involving occipital and parietal lobes. Posterior temporal atrophy was present in four out of ten patients. Seven patients showed also small nonspecific T2 hyperintensities in the subcortical white matter.
Clinical evaluation and instrumental data including neuropsychological assessment and neuroimaging (i.e., VBM and DTI brain MRI and cerebral [ 18 F]FDG-PET) were collected within few weeks. Neuropsychological assessment was performed by expert neuropsychologists focusing also on areas of selective impairment [11] . In particular, global cognitive functioning (MMSE); memory function (Rey Auditory Verbal Learning Test; Rey's figure recall test); executive functions (verbal and visual digit span task); language functions (phonological and semantic fluency; Token test; Aachener Aphasie Test or "Batteria per l'analisi dei deficit afasici" subtests); visuo-perceptual and visuo-spatial deficits (Rey's figure copy test and Visual Object and Space Perception Battery subtests). Object and face recognition tests were also administered as well as apraxia and finger agnosia tests.
All subjects, or their informants/caregivers, gave informed consent to the experimental procedures that had been approved by the local Ethical Committee.
MRI data acquisition and analysis
MRI scans were acquired in 6 out of 10 patients (i.e., from #1 to #6 on Table 1 ; 4 women, 2 men; mean age = 64.9 ± 3.6 years; mean education = 12 ± 4.3; mean months from symptoms' onset = 38.8 ± 7.3; mean MMSE = 17 ± 6.3) using a 3-T Philips Achieva scanner (Philips Medical Systems, Best, NL) with an 8-channel head coil. The resulting data set was compared with 20 healthy age-matched controls (HC) (mean age = 60 ± 9.3 years; mean education = 13 ± 4.2; mean MMSE = 29.25 ± 0.78). Scanning session included T1-weighted volumetric MR scan (220 slices, TR/TE = 600/20 ms, voxel size 0.9 × 0.9 ×0.8 mm 3 ) and a single-shot echo planar sequence (TR/TE = 8986/80 ms; FOV = 240 mm 2 ; 56 sections; 2.5 mm isotropic resolution) with parallel imaging (SENSE factor, R = 2.5) and diffusion gradients applied along 32 non-collinear directions (bvalue = 1000 s/mm 2 ). Four out of the ten patients of whole PCA sample dropped out from this part of the study due to presence of pacemaker, refusal or claustrophobia.
VBM pre-processing and statistical analyses were performed using SPM8 (http://www.fil.ion.ucl.ac.uk/ spm) on Matlab v7.4 (Mathworks-Inc., Sherborn, MA), along with the VBM8 (http://dbm.neuro.unijena.de) and Diffeomorphic Anatomical Registration Through Exponentiated Lie algebra (DARTEL) toolboxes, according to what previously reported [22] . The non-linear modulated DARTEL normalized gray-matter images were smoothed with a 8-mm FullWidth-Half-Maximum (FWHM) Gaussian-kernel and used in the subsequent voxel-based statistical analyses to compare patient grey-matter volume with 20 ageand education-matched healthy controls. The statistical threshold was set at p < 0.05 Family-wise-Error (FWE) corrected for multiple comparisons either at the voxel-level or at the cluster-level and the voxels extent threshold was set at k = 100. Cerebral regions showing significant effects were localized using the SPM-Anatomy toolbox v1.
Pre-processing and analysis of DTI data were performed via the FMRIB Software Library tools (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/). Whole-brain group analysis on main diffusion invariants (i.e., FA, mode of anisotropy (MO) [23] , mean diffusivity (MD), axial diffusivity (AxD), and radial diffusivity (RD)) were carried out via Tract-Based Spatial Statistics (TBSS) [24] . Group comparisons were conducted via Randomise, setting the significance threshold for group differences at p < 0.05, according to what reported in a previous study [25] .
To exclude gender effects, we added participant gender as a nuisance covariate in both studies.
[ 18 
F]FDG-PET data acquisition and analysis
[ 18 F]FDG-PET acquisitions were performed in all patients at the Nuclear Medicine Unit, San Raffaele Hospital (Milan, Italy). Before radiopharmaceutical injection of [ 18 F]FDG (185-250 Mbq: usually, 5-8 mCi via a venous cannula), subjects were fasted for at least 6 hours and measured blood glucose level threshold was <120 mg/dL. All images were acquired with a Discovery STE (GE Medical Systems, Milwaukee, WI) multi-ring PET tomography (PET-CT) system (time interval between injection and scan start = 45 minutes; scan duration = 15 minutes). Images were reconstructed using an ordered subset expectation maximization algorithm. Attenuation correction was based on CT scan. Specific software integrated in the scanner was used for scatter correction. Subjects' scans were obtained at resting state in a relaxed and comfortable position. All subjects gave written informed consent, following detailed explanation of the [ 18 F]FDG-PET procedure.
Image pre-processing was performed using SPM statistical parametric mapping (http://www.fil.ion.ucl. ac.uk/spm/software) according to the procedure implemented in the new standardized SPM5 [ 18 F]FDG dementia-specific template [26] for spatial normalization of [ 18 F]FDG-PET scans of dementia patients. This is an optimized method that showed increased reliability and accuracy of estimated metabolic activity patterns compared to the standard [ 15 O]H 2 O-PET template currently available for SPM normalization procedures [26] . Indeed, it allows to better recognize relevant metabolic changes that otherwise may be suppressed through spatial normalization. Images were smoothed with a 8-mm FWHM Gaussian-kernel. Proportional scaling was used to remove intersubject global variation in PET intensities, according to Signorini and co-workers [27] .
Each patient scan was tested for relative 'hypometabolism' by comparison with a large sample of [ 18 F]FDG-PET scans from a database of normal controls (n = 112) on a voxel-by-voxel basis. Healthy controls were selected by the European Alzheimer Disease Consortium (EADC)-PET dataset (http://www.eadc.info/).Cognitive health was established in each EADC-PET center by means of a structured clinical and a neuropsychological battery as specified in a previous paper [28] . Age was included in the two sample T-test analysis as a covariate. Due to the lack of any significant difference in metabolic activity of male and female AD patients [29] , gender was not controlled in the analysis. The threshold was set at p = 0.05, FWE-corrected for multiple comparisons at the voxel level. Only clusters containing more than 100 voxels were deemed to be significant. In each subject, cerebral regions showing significant hypometabolism were identified using the SPM-Anatomy toolbox v1.
In order to compute brain metabolic changes at the group level, we performed a second-level SPM analysis (one-sample T-test) in the whole PCA group. The threshold was set at p = 0.05, FWE-corrected for multiple comparisons at the cluster level.
Finally, to explore the study hypothesis, we correlated (i.e., Spearman rank order correlation coefficient)metabolic values obtained from a set of 8-mm regions-of-interest (ROIs), including regions that are crucial components of the fronto-parietal attentional network, and mean values of main diffusion tensor metrics (i.e., FA, MO, MD, RD, AxD) extracted from portions of the bilateral SLF found to be affected in patients versus controls (PCA < HC) in the whole-brain TBSS comparison. Our [ 18 F]FDG-PET single-subject analysis revealed indeed the involvement of frontal as well as parietal eye field regions (see result section). These hypometabolic foci revealed by [ 18 F]FDG-PET SPM analysis in single subjects strictly corresponded to the stereotactic coordinates from functional PET and functional MRI literature (i.e., bilateral frontal eye fields (i.e., middle frontal gyrus/precentral sulcus and superior frontal gyrus/superior frontal sulcus) [30, 31] , right intraparietal sulcus [32, 33] and left inferior parietal lobe [31] ). Thus, we used the above stereotactic coordinates to center the ROIs. Correlation p-values were adjusted for multiple comparisons with the False Discovery Rate (FDR) correction [34] .
RESULTS
In PCA patients, the clinical and neuropsychological assessment at presentation revealed mostly visuo-perceptual and visuo-spatial disorders variably associated to features of Balint's and/or Gerstmann's syndromes (e.g., oculomotor apraxia, optic ataxia, environmental agnosia, acalculia, agraphia, finger agnosia), alexia, anomia, or ideomotor apraxia. Episodic memory impairment was present in 8 out of 10 patients at standard neuropsychological evaluation (i.e., Rey Auditory Verbal Learning Test). See Table 1 for clinical and neuropsychological details.
In the PCA group compared to HC, VBM wholebrain analysis of grey-matter volume revealed an right-sided atrophy in the occipital (fusiform gyrus, middle occipital gyrus, and lingual gyrus) and parietal (cuneus and precuneus) regions and in the inferior temporal gyrus; a small area of atrophy was evident in the left fusiform gyrus (Fig. 1A) . Globally, TBSS analyses on main diffusion invariants in PCA patients compared to HC showed widespread microstructural changes (p < 0.05, FWE-corrected) in the major association bundles connecting occipital, parietal, temporal and frontal regions (i.e., inferior fronto-occipital fasciculus (IFOF), SLF, inferior longitudinal fasciculus (ILF), uncinate fasciculus, cingulum bundle, and fornix), as well as the commissural tracts and projections fibers (i.e., splenium and thalamic radiations). In particular, statistical maps of FA (PCA < HC), MD (PCA > HC), and RD (PCA > HC) (Fig. 2 ) demonstrated a bilateral pattern of microstructural alterations, mainly affecting the right-sided circuitry, more severely involving the posterior portions of association bundles, as well as the forceps major, the body and the splenium of the corpus callosum. The latter finding has been considered as one of the core features of the PCA [35] . In addition, we found the involvement of commissural frontal lobe tracts, i.e., the genu of corpus callosum and the forceps minor. Both the AxD (PCA > HC) and the MO (PCA < HC) maps showed a selective involvement of long fibers of the right hemisphere (Fig. 2) .
Objective-based SPM [ 18 F]FDG-PET singlesubject analysis showed a consistent pattern of temporo-parietal hypometabolism, typical of AD [36] . In addition, we found a core feature of bilateral hypometabolism in the occipital cortex, mostly involving associative visual areas and in few cases also the primary visual cortex (see Fig. 3 and Supplementary Table 1 ). All patients showed also unilateral or bilateral involvement of middle frontal gyrus/precentral sulcus and/or superior frontal gyrus/superior frontal [17] ). These regions are associated to the visuomotor and oculomotor control [37] [38] [39] . In particular, they belong to the classical location of the human frontal eye fields (i.e., medial frontal gyrus in the proximity of the precentral sulcus) [37] the supplementary eye fields (i.e., superior/superior medial frontal gyrus) [39] .
The group analysis of [ 18 F]FDG-PETusing SPM procedures showed a bilateral temporo-parietal (right > left) hypometabolism, comparable to the wellknown AD pattern, and an additional widespread hypometabolism of the occipital cortex, mainly of the associative visual regions (p = 0.05, FWE-corrected for multiple comparisons at the cluster level). At a lower statistical threshold of significance (p = 0.05 uncorrected; k = 100 voxels of minimum extent), an additional cluster of hypometabolism corresponding to the right frontal eye field region was present (k = 271 voxels, T = 2.80; MNI coordinates of local maxima x,y,z = 30,10,62) (Fig. 1B) .
Correlation analysis showed significant association between hypometabolism in fronto-parietal regions and FA along the SLF in the right hemisphere. In particular, the mean diffusion tensor metrics derived from altered clusters of the right SLF was correlated with hypometabolism values extracted from the ROIs in the right precentral gyrus (ρ FA = −0.94, p = 0.012; ρ MD = 0.94, p = 0.012; ρ RD = −0.89, p = 0.031; ρ AxD = 0.82, p = 0.05 FDRcorrected) (x, y, z = 50, 2, 53) [30] , encompassing the right frontal eye field [36] and with hypometabolism values extracted from the ROIs in the right intraparietal sulcus (ρ FA = −0.88, p = 0.025 FDR-corrected) (x, y, z = 39, −36, 42) [33] , which is involved in visuo-spatial integration and attention, and classically considered as the parietal eye field [38] .
Neither hypometabolism in the regions of interest nor mean FA values along the SLF correlated with the overall cognitive impairment (i.e., MMSE), and disease duration (i.e., months from symptoms onset). 
DISCUSSION
Misdiagnosis or diagnostic delay of PCA is common, because of its relative rarity and of its variable presentation. Patients are frequently first seen by an ophthalmologist, who may correctly note the normal eye examinations but fail to appreciate the clinical evidence of cortical dysfunction [1] . Although neuroimaging has a relevant role in corroborating the clinical diagnosis [40] , specific structural and/or functional features to be applied in the clinical practice, at single-subject level, are in the course of definition [41] .
In this study, we showed, in a group of PCA subjects, MRI structural changes in posterior cortical regions, namely in the parieto-occipital areas, which are consistent with previous works [7] [8] [9] (see Fig. 1A ).
The voxel-based SPM analysis of [ 18 F]FDG-PET data, at the group level, confirmed the well-known posterior bilateral hypometabolic pattern suggestive of AD, with the additional specific involvement of the occipital lobes, in agreement with other reports in literature and with the pathological substrate of PCA syndrome [14, 17] (see Fig. 1B ). The metabolic derangement of the occipital cortex was independent of disease duration. The cerebral hypometabolism, since it reflects various underlying mechanisms, such as deafferentation and neuronal injury processes, was more extended that the atrophy pattern revealed by the VBM results.
In addition, at a lower statistical threshold, the [ 18 F]FDG-PET group analysis revealed also the functional damage of the right frontal eye field region. This finding was particularly evident at the singlesubject level. SPM analysis of [ 18 F]FDG PET scans provided in individuals evidence for a diffuse pattern of bilateral occipito-temporal and occipito-parietal hypometabolism, mostly lateralized to the right side. Noteworthy, it disclosed additional hypometabolic foci in the frontal eye fields, i.e., regions involved in the eye movement control [37] [38] [39] , consistent with the hypometabolic findings reported by Nestor and coworkers in their group analysis [17] (see Fig. 3 and Supplementary Table 1) . Thus, [ 18 F]FDG-PET SPM analysis revealed both at the group and at the singlesubject level the dysfunction of frontal regions that are involved in the preparation and triggering of intentional saccades, in pursuit eye movements and in the control of memory-guided saccades, particularly in case of spatial memory tasks [4, 39] . These regions are also crucial components of the fronto-parietal attentional network, and are richly connected with posterior parietal cortex by means of recurrent fibers passing through the SLF [42] . This network is extensively damaged in PCA patients, resulting in a reduction/interruption of the input to the frontal lobe, as confirmed also by our DTI-PET correlation results. A disruption of this complex network may be responsible for the visuomotor disorders, such as oculomotor and optic ataxia, which have been frequently reported in PCA [1, 4, 18] (see Table 1 ). This specific [ 18 F]FDG-PET hypometabolic pattern was associated with DTI findings of extensive white-matter microstructural degeneration in long associative bundles, thus reflecting deafferentation processes between posterior parieto-occipital regions and anterior frontal structures (see Figs. 2 and 3) . This is the first DTI study providing a comprehensive view of the microstructural changes in PCA with evidence in the main diffusion invariants (i.e., FA, MD, AxD, RD, and MO). In comparison to previous studies [10] [11] [12] , we showed more widespread white-matter degeneration in long associative bundles connecting the occipital cortices and the parietal and temporal regions. In particular, a severe alteration of diffusion orientation coherence in PCA patients-reflected by an extensive FA reduction involving the posterior and anterior components of major associative bundles-was also accompanied by a significant decrease of MO in the right hemisphere, which indicates a transition from a more linear to more planar shape of the diffusion tensor [23] . Taken together these findings highlight the presence of a severe and extensive disorganization of white-matter microstructural architecture in PCA patients, further supported by the co-localized alterations in MD, AxD/RD maps. Indeed, while the relevant increase in MD indicates an overall alteration in the rate of the diffusion, which is thought to reflect the neurodegeneration process [43] , changes observed in AxD and RD maps are suggestive of more specific axonal damages in terms of axon density/loss and breakdown in axon integrity [44] .
Noteworthy, such an extensive pattern of damage includes both ventral (e.g., ILF and IFOF) and dorsal (e.g., SLF) pathways in both hemispheres, with the right-sided circuitry appearing more prominently impaired. A major involvement of the right hemisphere is a typical feature of the neurodegeneration in PCA, already reported in the literature [7] [8] [9] , reflecting a specific vulnerability of still unknown origin. Again, the decrease in MO may suggest a more severe microstructural disorganization of the right-sided fiber tracts, and the significant alteration in the AxD index an incipient breakdown in axon integrity. Consequently, the bilateral pattern of microstructural alteration in PCA observed in FA, MD, and RD maps may also be hypothesized to reflect a possible spread of the pathological processes from the right to the left hemisphere.
The alterations observed in the SLF and ILF/IFOF bundles, which are crucial to convey visual perceptual and spatial information to anterior brain areas [45] , may be conceivably caused either by wallerian degeneration due to either neuronal loss or by the presence of senile plaques and neurofibrillary tangles in occipitoparieto-temporal regions [1] affecting both structural and functional brain connectivity as a consequence. The decrease of white-matter integrity found in the commissural fibers, including the forceps major and the splenium of the corpus callosum, i.e., a key-feature of the PCA, may also reflect a secondary degenerative process resulting from the pathological disruption of occipital, parietal, and temporal neurons, as previously suggested by Yoshida et al. [35] .
Overall, microstructural white matter alterations observed in PCA patients mirror their cognitive profile, which encompasses broad deficits in perceptual and visuospatial skills, and are the basis for the disconnection and dysfunction as revealed by [ 18 F]FDG PET. Of note, the altered connectivity along the dorsal stream conveyed by the SLF, and particularly by the second branch might result in a reduction/interruption of the input to the frontal lobe, producing the attention deficits and the neglect occasionally observed in PCA [46] . Such visuospatial deficits are indeed related to intra-hemispheric functional imbalances, involving large-scale fronto-parietal pathways [18] .
In conclusion, notwithstanding the relatively small size of the patient sample, this study contributes to further characterize the selec-tive vulnerability of specific brain networks in PCA, describing for the first time DTI microstructural changes in all main diffusion invariants, and an anterior-posterior metabolic dysfunction in each case, providing evidence of the fronto-parietal disconnection within the visuo-spatial attentional network. Furthermore, this specific PET metabolic pattern detected at a single subject level may aid the differential diagnosis with other dementia subtypes, such as DLB or typical AD. Typical AD cases present with a relative sparing of occipital lobes on [ 18 F]FDG-PETscan, and DLB patients usually with a more extended decrease of metabolic activity in parieto-temporo-occipital regions, and also in frontal associative cortex, together with metabolic increases in subcortical regions (e.g., thalamus and pons) [36, 47] . An improved definition of the neuroimaging pattern of the PCA syndrome may be useful in the definition of new, biomarker-based, diagnostic criteria [41] . Authors' disclosures available online (http://www.jalz.com/disclosures/view.php?id=2381).
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